The human epidermis serves 2 crucial barrier functions: it protects against water loss and prevents penetration of infectious agents and allergens. The physiology of the epidermis is maintained by a balance of protease and antiprotease activities, as illustrated by the rare genetic skin disease Netherton syndrome (NS), in which impaired inhibition of serine proteases causes severe skin erythema and scaling. Here, utilizing mass spectrometry, we have identified elastase 2 (ELA2), which we believe to be a new epidermal protease that is specifically expressed in the most differentiated layer of living human and mouse epidermis. ELA2 localized to keratohyalin granules, where it was found to directly participate in (pro-)filaggrin processing. Consistent with the observation that ELA2 was hyperactive in skin from NS patients, transgenic mice overexpressing ELA2 in the granular layer of the epidermis displayed abnormal (pro-)filaggrin processing and impaired lipid lamellae structure, which are both observed in NS patients. These anomalies led to dehydration, implicating ELA2 in the skin barrier defect seen in NS patients. Thus, our work identifies ELA2 as a major new epidermal protease involved in essential pathways for skin barrier function. These results highlight the importance of the control of epidermal protease activity in skin homeostasis and designate ELA2 as a major protease driving the pathogenesis of NS.
Introduction
As the most external organ of the human body, the main function of the epidermis is to provide a protective barrier against water loss and the penetration of infectious agents and allergens. The stratum corneum (SC) is the outermost layer of the epidermis and is largely responsible for this vital barrier function. The SC arises from a specific differentiation program of keratinocytes from the basal layer to the spinous and granular layers of the epidermis (1) . Two key structures of the SC underlie its barrier properties. The first is the cornified envelope (CE), a reinforcement of the corneocyte plasma membrane by an insoluble protein scaffold comprising involucrin, loricrin, and filaggrin (2) . Prior to their covalent attachment to the CE, loricrin and (pro-)filaggrin accumulate as keratohyalin granules, non-membrane-bound cytoplasmic aggregates characteristic of the granular layer, or stratum granulosum (SG) (2) . The second barrier component is the intercellular lipid matrix, which holds near-equimolar amounts of cholesterol, FFA, and ceramide (Cer), a ratio which is imperative for lipid organization into competent lamellar structures (3) . These structures result from the extracellular processing of lipid precursors into mature lipids, which arrange themselves spatially into lipid bilayers filling the entire SC extracellular space (3) . Lamellae are correctly aligned through the contact with the corneocyte-bound lipid envelope (CLE), a specific extracellular lipid monolayer that is covalently bound to the CE (4) . In granular keratinocytes, lipid precursors and lipases involved in their maturation are sequestered into lamellar bodies (LB). These specialized vesicles of the SG fuse to the plasma membrane at the SG-SC interface to extrude lipid precursors and a variety of enzymes with their inhibitors, including proteases, which contribute to the desquamation process.
In epidermal biology, the importance of the protease-antiprotease balance is illustrated by rare genetic skin diseases including Papillon-Lefèvre syndrome (OMIM 245000) (5), autosomal recessive ichthyosis with hypotrichosis (OMIM 610765) (6) , and Netherton syndrome (NS) (OMIM 256500) (7) .
NS is a severe ichthyosis arising from a genetic deficiency of lymphoepithelial kazal-type-related inhibitor (LEKTI), a serine protease inhibitor (7) . This rare autosomal recessive skin disorder is characterized by congenital ichthyosiform erythroderma, a specific hair shaft defect, and severe atopic manifestations (8) (9) (10) . Frequent complications such as bacterial infection, hypernatremic dehydration, and nutritional defects are probably caused by the severe alteration of the skin barrier function and compromise vital prognosis in neonates. Histologically, NS skin shows epidermal hyperplasia (acanthosis) with the persistence of nuclei in the SC (parakeratosis). The SC is thick (hyperkeratosis), often detached from the underlying epidermis, while the SG is reduced or absent (agranulosis) (11) . We have previ-ously identified serine protease inhibitor kazal-type 5 (SPINK5) as the defective gene in NS (7) . The vast majority of causative mutations reported to date lead to the complete absence of the encoded protein, LEKTI (7, (12) (13) (14) . LEKTI is expressed in the SG of the epidermis, and we showed that bioactive LEKTI fragments inhibit 3 major proteases involved in SC desquamation, kallikreins (KLK) 5, 7, and 14 (15) .
Spink5-knockout mice mimic key features of NS, including premature desquamation through deep SC detachment, a profound skin barrier defect, impaired terminal differentiation of keratinocytes, and hair malformation (16) . We have shown that lack of LEKTI led to kallikrein 5 (KLK5) and KLK7 proteolytic hyperactivity, resulting in desmoglein-1 degradation and, in turn, to abnormal corneodesmosome cleavage below the SC (16) . Furthermore, this mouse model revealed the presence of a third protease of 28 kDa, which was hyperactive in the absence of LEKTI (16) .
Using tandem mass spectrometry, we have now identified this protease as elastase 2 (ELA2), whose expression in the skin has not previously been reported. In this work, we demonstrate ELA2 expression and activity in the granular layer of mouse and human epidermis. We show that ELA2 colocalizes with (pro-)filaggrin, and we establish that ELA2 directly degrades (pro-)filaggrin. To investigate the role of ELA2 in vivo and its contribution to NS pathophysiological pathways, we mimicked ELA2 hyperactivity by engineering transgenic mice overexpressing murine ELA2 in the SG. Transgenic animals display severe skin barrier dysfunction due to excessive degradation of (pro-)filaggrin and altered intercorneocyte lipid metabolism. This study identifies ELA2 for the first time, to our knowledge, as a major protease involved in the molecular pathways of skin barrier function, a central process of epidermal biology, and in the pathogenesis of NS.
Results

ELA2 is a new epidermal protease which is hyperactive in LEKTI-deficient epidermis.
We previously reported increased proteolytic activities of KLK5, KLK7, and an unknown 28-kDa protease in Spink5 -/-murine epidermis (16) . Since classical biochemical approaches were unable to identify this protease, we used a strategy combining enrichment and peptide assignment by mass spectrometry (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI41440DS1). The occurrence of 3 high-confidence peptides, covering 8% of the sequence, allowed the unambiguous identification of this protease as murine ELA2 (Swiss-Prot P05208; EC 3.4.21.71), encoded by the Ela2a gene ( Figure 1A ). This protease is entirely different from murine neutrophil elastase (33% amino acid identity) and was hitherto known as a pancreas-specific protein.
RT-PCR analysis revealed a single transcript of Ela2a restricted to the murine epidermal compartment ( Figure 1B) , and sequencing confirmed 100% identity to the full-length pancreatic cDNA. We also showed transcriptional expression of its ortholog ELA2A (Swiss-Prot accession number P08217) in human epidermis ( Figure 1B ) and more specifically in human-differentiated keratinocytes in culture, but not in undifferentiated keratinocytes nor in fibroblasts ( Figure 1B ).
In agreement with these results, ELA2 was immunodetected in the SG of WT and Spink5 -/-newborn mouse epidermis as well as in the epidermis of NS patients and healthy human controls ( Figure 1C ). In situ zymography detected elastolytic activity in the SG and the SC of normal mouse and human epidermis, concordant with ELA2 immunolocalization ( Figure 1D ). In LEKTI-deficient murine and human epidermis, elastolytic activity was strongly enhanced and extended to the spinous compartment of the epidermis ( Figure 1D and Supplemental Figure 2A ). In Spink5 -/-epidermal extracts, a time-course analysis revealed a 5.3-fold increase in elastolytic activity compared with the WT (Supplemental Figure 2B) , which was not due to a higher Ela2a expression level, as shown by quantitative PCR analysis (Supplemental Figure 2C) . As ELA2 is the first described elastase physiologically expressed in the suprabasal epidermis, it could be the main protease responsible for the increased elastolytic activity observed in the absence of LEKTI. However, activity tests showed no inhibition of ELA2 activity by LEKTI fragments (15) (data not shown), which suggested an indirect control mechanism. Previous studies have shown pancreatic ELA2 zymogen activation by trypsin cleavage (17) . As KLK5, a trypsin-like protease directly inhibited by LEKTI, is hyperactive in LEKTI-deficient epidermis (15, (18) (19) (20) , we tested the effect of KLK5 on pro-ELA2 activation. Coincubation of pro-ELA2 with KLK5 led to a 4-fold increase in elastolytic activity compared with pro-ELA2 basal activity ( Figure 2A ). These data, together with localization of both partners in the SG, strongly suggest that LEKTI inhibits ELA2 activity indirectly, by controlling KLK5-mediated cleavage of pro-ELA2.
We next investigated possible ELA2 physiological inhibitors, the secretory leukoprotease inhibitor (SLPI) and the skin-derived antileukoprotease (SKALP), 2 elastase inhibitors also expressed in the SG of the epidermis (21, 22) . Both SLPI and SKALP displayed high inhibitory capacity against ELA2, as indicated by their K i values of 29.9 nM and 14.3 nM, respectively ( Figure 2B ). The inhibition strength of SLPI and SKALP was well correlated with the K i values determined in vitro for each inhibitor.
Altogether, our results demonstrate that ELA2 is expressed and active in murine and human epidermis and identify KLK5, SLPI, and SKALP as potential regulators of its activity.
The epidermal barrier is impaired in Tg-ELA2 mice. We developed transgenic mice (Tg-ELA2) overexpressing murine ELA2 fused to a FLAG tag (ELA2 flag ) under the control of the human involucrin promoter (23) to specifically target its expression to the SG ( Figure 3 , A and B). Western blot analysis using an anti-FLAG antibody confirmed the expression of the zymogen and the active forms of exogenous ELA2 in the epidermis of Tg-ELA2 animals ( Figure 3C ). At birth, transgenic mice were indistinguishable from the WT animals. However, they subsequently developed generalized scaling that was maximal between P4 and P6 and varied in severity within the litter. Surprisingly, the ichthyosiform phenotype regressed spontaneously in the following days concomitantly with hair growth, and the mice developed normally ( Figure 3D ).
Interestingly, this transient scaly phenotype correlated over time with the levels of the active form of ELA2 flag with a maximum at day 4 ( Figure 4A ). At this time point, FLAG immunodetection revealed patchy but high expression of exogenous ELA2 in the SG of Tg-ELA2 epidermis ( Figure 4B ), which correlated with increased in situ elastolytic activity ( Figure 4C) . Notably, the barrier function in Tg-ELA2 animals was defective, as measured by transepidermal water loss (TEWL) from days 4 to 7 ( Figure 4D ) and dye penetration assay at day 4 ( Figure 4E ), concordant with the scaly critical period and with the level of active ELA2 expression.
We next investigated the proliferation/differentiation program in the transgenic epidermis. Histological analysis revealed marked acanthosis and compact and hyperkeratotic SC ( Figure 5 ), associated with focal agranulosis. Immunohistochemical analysis revealed increased epidermal proliferation in Tg-ELA2 animals as shown by strong keratin 6 staining ( Figure 5 ). Keratin 14, a differentiation marker normally restricted to the basal layer, was extended to the suprabasal compartment of Tg-ELA2 epidermis ( Figure 5 ). In contrast, the suprabasal keratin 10 was slightly reduced and the terminal differentiation marker involucrin was markedly decreased ( Figure 5 ). Detection of CD45-positive cells revealed the presence of an inflammatory infiltrate in the Tg-ELA2 dermis ( Figure 5) . A Tg-ELA2 mouse with a more severe phenotype was also obtained but died shortly after birth. This animal presented similar but more pronounced cutaneous defects associated with a higher elastolytic activity, consistent with a dose-effect of exogenous ELA2 (Supplemental Figure 3) .
We concluded that ELA2 overactivity in murine SG results in defective skin barrier function associated with an abnormal epidermal differentiation pattern.
Lipid lamellae formation is defective in Tg-ELA2 mice epidermis and in NS patients. In newborn WT and Tg-ELA2 mice, Nile red staining revealed uniform, linear lipophilic structures corresponding to the intercellular spaces of corneocytes ( Figure 6A ; WT nb , Tg nb ). In contrast, on day 4, numerous lipid droplets became evident in the Tg-ELA2 SC simultaneous with the development of the ichthyosiform phenotype ( Figure 6A ; WT P4, Tg P4 ). Ultrastructural examination after ruthenium postfixation revealed an almost complete absence of lipid lamellae in the extracellular domain of the entire Tg-ELA2 SC. Instead, secreted lipid material remained globular and disorganized ( Figure 6B ). Lipid analysis showed FFA content to be decreased by 25% in Tg-ELA2 epidermis, while cholesterol and total Cer were unchanged ( Figure 6C ). Total glucosylceramide (GlcCer) had increased by 20% while sphingomyelin (SM) had decreased by 20%. Finally, catabolites of bound lipids (ω-OH Cer → ω-OH FA) had decreased by 45% in the cornified lipid envelope of Tg-ELA2. Consistent with Nile red staining, the epidermal lipid profile of newborn Tg-ELA2 mice did not differ from that of WT mice (data not shown). These results indicate that the lack of competent lamellae in transgenic epidermis is attributable to alterations of lipid composition secondary to ELA2 hyperactivity.
Remarkably, the Nile red staining pattern in Spink5 -/-and NS patient skin was highly reminiscent of the disorganized lipid structures observed in Tg-ELA2. In Spink5 -/-newborn mice, small lipid vesicles were visible in addition to lamellae, suggesting a minimal lipid defect at birth ( Figure 6A ; WT nb , KO nb ). LEKTI deficiency exacerbated this lipid defect over time, as shown by the complete lack of lamellae in Spink5 -/-grafted epidermis ( Figure 6A ; WT g , KO g ). Interestingly, NS patient skin displayed similar anomalies ( Figure 6A ), consistent with the ultrastructural lipid defects previously reported in several patients (24, 25) . Our results show that ELA2 hyperactivity is sufficient to cause the lipid lamellae defect in LEKTI-deficient skin.
ELA2 directly degrades (pro-)filaggrin, promoting skin barrier impairment. Tg-ELA2 epidermis had fewer keratohyalin granules, as shown in electron microscopy ( Figure 7A ), which correlated with decreased (pro-)filaggrin immunostaining ( Figure 7B ). Filaggrin oligomers and monomers, resulting from profilaggrin processing, were detected in Western blots of (pro-)filaggrin-enriched epidermal extracts from 4-day-old WT animals ( Figure 7C ). In Tg-ELA2, the amount of filaggrin intermediates, and filaggrin monomers declined to nearly undetectable levels ( Figure 7C ). Excessive degradation appeared on day 2 and persisted until day 6 (Supplemental Figure 4A) , concomitant with the detection of active ELA2 flag ( Figure 4A ). Since no significant difference was observed in profilaggrin transcriptional expression between WT and Tg animals (Supplemental Figure 4B) , we hypothesized that ELA2 could affect the (pro-)filaggrin protein level. Indeed, when (pro-)filaggrin-enriched murine epidermal extracts were incubated with purified human ELA2, all forms of (pro-)filaggrin were progressively degraded (Figure 7D ), demonstrating the ability of ELA2 to directly proteolyse both profilaggrin and filaggrin monomers.
To investigate the interaction between ELA2 and filaggrin, we next analyzed the fine localization of ELA2 and (pro-)filaggrin by immunofluorescence on human skin sections. ELA2, mainly expressed in the granular layers of healthy human skin, colocalized with (pro-)filaggrin in the SG, supporting the interaction of these 2 proteins in vivo ( Figure 8A ). In NS patient epidermis, colocalization persisted despite agranulosis and reduced (pro-)filaggrin levels ( Figure 8A ).
We further examined the subcellular distribution of this newly identified protease in human cultured primary keratinocytes. Ring-shaped ELA2 immunostaining was observed in the cytoplasm of the most differentiated keratinocytes ( Figure 8B ) and was absent in undifferentiated cells (data not shown). This particular ELA2 staining pattern exactly overlapped with that of (pro-)filaggrin detected in small rounded granules of different size, previously reported as keratohyalin granules (26) (Figure 8B ). This colocalization was detected at the periphery of these granules concordant with a potential interaction and probably a direct degradation of (pro-)filaggrin by ELA2.
To confirm our earlier result showing activation of pro-ELA2 by KLK5 (Figure 2A ), we performed similar double-labeling experiments. ELA2 and KLK5 colocalized in the SG of human epidermis, as shown by immunofluorescence analysis ( Figure 8A ). In differentiated human primary keratinocytes, KLK5 staining was observed throughout the cytoplasm, with areas of accumulation near the nucleus and, interestingly, around keratohyalin granules. The ELA2 and KLK5 stainings overlapped at the outside edge of the granules as well as in isolated dots ( Figure 8B ), supporting a direct interaction between both proteases in keratinocytes and substantiating pro-ELA2 activation by KLK5.
Taken together, these data demonstrate that ELA2 hyperactivity plays a key role in the skin barrier impairment observed in Tg-ELA2 mice and in NS patients through (pro-)filaggrin degradation.
Discussion
We brought to light what we believe to be a novel epidermal serine protease, ELA2, previously thought to be restricted to the pancreas (27) . We demonstrated that ELA2 is constitutively expressed and active in the SG and SC of murine and human epidermis, supporting a role for this protease in skin biology. Low ELA2 expression levels in the skin may have precluded earlier detection in keratino- cyte cDNA libraries and during transcriptomic analysis of the SG (28) . This new epidermal protease is clearly different from the very well-characterized neutrophil elastase, and its role is not restricted to inflammation, since ELA2 is expressed in epidermis under normal physiological conditions. Cell-culture analysis confirmed that ELA2 is specifically expressed in differentiated keratinocytes. Analysis for predicted transcription factor-binding sites in the ELA2 promoter revealed the presence of AP1, SP1, and C/EBP motifs (data not shown), which are known to activate gene transcription in the most differentiated layer of the epidermis (29, 30) and could therefore drive ELA2 expression.
We showed that ELA2 is hyperactive in LEKTI-deficient epidermis from NS patients and Spink5 -/-mice. Like most proteases, the ELA2 precursor contains a propeptide, which must be cleaved to release the active enzyme. KLK5 interacts with ELA2, as shown by our immunofluorescence experiments and by the observation that KLK5 cleaves pro-ELA2 into its active form in vitro. As expected from its known inhibitory properties (15), we found LEKTI to be ineffective against ELA2. Therefore, the lack of KLK5 inhibition in LEKTI-deficient epidermis probably leads to ELA2 hyperactivity. Our data revealed that SLPI and SKALP inhibited ELA2 in vitro and that these inhibitors were also able to control native epidermal ELA2 activity, as evidenced by in situ zymography (Supplemental Figure 5) . SLPI and SKALP are thus potential physiological inhibitors of ELA2 in the skin, which is in agreement with their specific capacity to inhibit members of the elastase family (31, 32) . High expression of SKALP has been reported in NS patient skin in response to skin inflammation and recurrent infections (14, 33) . However, SKALP overexpression is not sufficient to counteract ELA2 hyperactivity, as revealed by in situ zymography on patient skin sections.
Elastases are characterized by their capacity to interact with very insoluble proteins like elastin fibers. This feature is in agreement with our observation of ELA2 immunodetection in differentiated keratinocytes, in close contact with keratohyalin granules, which result from the aggregation of highly insoluble proteins such as (pro-)filaggrin and loricrin. More precisely, we showed that ELA2 colocalized with (pro-)filaggrin. ELA2 retention in the cytoplasm of keratinocytes was unexpected, since epidermal and pancreatic ELA2 carry the same signal peptide, which drives secretion of the pancreatic form. However, Western blot analysis revealed that ELA2 is secreted in the cultured medium of differentiated transgenic mouse keratinocytes (Supplemental Figure 4C) . Therefore, ELA2 displays a dual, cytoplasmic and extracellular, localization in epidermal cells.
Our data demonstrate the capacity of ELA2 to process (pro-)filaggrin. Indeed, ELA2 progressively degrades all forms of (pro-)filaggrin in vitro, from the precursor to the monomer form. This cleavage pattern appears to be different from that of caspase-14, which preferentially degrades the filaggrin monomer (34) . In vivo, transgenic ELA2 mice displayed excessive processing of profilaggrin and filaggrin monomers. This abnormality, together with the skin barrier impairment and the transient ichthyosiform phenotype of Tg-ELA2 animals, was time correlated with the presence of active exogenous protease. ELA2 is thus a new protease directly involved in (pro-)filaggrin maturation, in addition to the proposed enzymes, PEP-1, μ-calpain, furin, cap1, matriptase, and caspase-14 (34) (35) (36) (37) (38) (39) .
(Pro-)filaggrin anomalies have been described in several murine models with a skin barrier defect (Spink5 -/-, flaky tail, matriptase -/-, and caspase14 -/-mice) (34, 38, 40) as well as in patients with ichthyosis vulgaris and atopic dermatitis involving stop mutations in the filaggrin (FLG) gene (41, 42) . NS patient skin also shows a decrease in keratohyalin granules and (pro-)filaggrin levels (25) . Therefore, ELA2 hyperactivity could be a major molecular mechanism underlying the skin barrier defect observed in NS through excessive (pro-)filaggrin processing.
In addition to excessive degradation of (pro-)filaggrin, lipid abnormalities contribute to the epidermal barrier dysfunction in our animal model. The present study revealed changes in the lipid contents of Tg-ELA2 epidermis. Notably the amount of FFAs was significantly decreased, disrupting the equimolar ratio among Cer, cholesterol, and FFAs, which is necessary for efficient skin barrier function. FFAs are generated mainly from esterified lipids, suggesting a phospholipase A2 (sPLA2) dysregulation in Tg-ELA2 epidermis. Since the sPLA2 transcriptional level was similar between WT and Tg-ELA2 mice (data not shown), ELA2 hyperactivity could impair sPLA2 function and/or its activators. Our results show that a pool of ELA2 is secreted by keratinocytes (Supplemental Figure 4C ) and could therefore directly regulate secreted lipases. The amount of total Cer was unchanged in contrast to their immediate precursors (GlcCer and SM). However, detailed Cer analysis revealed independent variations among Cer species levels (data not shown), indicating that specific step(s) of Cer synthesis rather than global lipid processing are affected by ELA2 hyperactivity. In addition, CLE maturation was also altered in Tg-ELA2 epidermis, as indicated by decreased ω-hydroxy FA despite there being no change in the amount of their immediate precursors (ω-hydroxy Cer). This observation highlights the complexity of ELA2 involvement in lipid metabolism. Alteration of lipid profiles is thus likely to give rise to the abnormal lamellae observed in Tg-ELA2 epidermis. Interestingly, lamellae were well-formed in newborn Spink5 -/-pups, but few small lipid droplets were already present, in agreement with the observation of small intracorneocyte lipid droplets at the ultrastructural level (16) , which could account to some extent for the intrinsic barrier impairment reported in these animals (16) . Spink5 -/-skin grafts displayed a severe ichthyosic phenotype and a prominent defect in lipid organization, illustrating the consequences of chronic ELA2 hyperactivity. We observed the same lipid structural anomalies in the skin of NS patients, which could be related to the abnormal morphology and secretion of LB also described in NS epidermis (24) . The mechanisms of LB secretion are not well understood, but proteases seem to play an important role in controlling this process, since topical application of serine protease inhibitors after barrier disruption has been shown to improve barrier recovery through enhanced LB secretion (43) . Interestingly, among these inhibitors, PMSF displayed inhibitory capacity toward ELA2. These results strongly support the hypothesis that ELA2 hyperactivity could prevent the formation of a protective skin barrier in NS through impaired LB secretion associated with defective lipid metabolism.
In NS patients, the SC is hyperkeratotic and is often detached from the underlying cell layers (16, 25) . Loss of SC adhesion arises from asymmetrical corneodesmosome cleavage through DSG1 and desmoplakin degradation by hyperactive proteases (16, 25) . In scaly Tg-ELA2 mice, neither Dsg-1 nor desmoplakin were degraded (data not shown), and corneodesmosomes remained assembled, suggesting that ELA2 is not involved in this specific NS feature. Nevertheless, epidermal lipids, besides their established role as major components of the skin barrier, also influence desquamation, as illustrated in Harlequin ichthyosis, recessive X-linked ichthyosis, and Refsum disease as well as Sjögren-Larsson syndrome. This suggests that the ichthyosiform phenotype of Tg-ELA2 mice could result from abnormal cutaneous lipid composition.
Barrier disruption by itself stimulates keratinocyte proliferation as well as cytokine and chemokine production (IL-1α, IL-1β, TNF-α, GM-CSF), which are features of skin inflammatory diseases (44, 45) . The active form of Il-1β was overexpressed in Lekti-deficient mouse epidermis (46) . In addition, proteases with elastolytic activity such as cathepsin G and neutrophil elastase activate IL-1β through proteolytic cleavage of its pro-form in vitro (47) . It is thus possible that ELA2 likewise activates IL-1β produced by keratinocytes in NS epidermis, resulting in the accumulation of neutrophils and other IL-1β-chemoattracted inflammatory cells. These observations support the possibility that ELA2 may also participate in the initiation of epidermal inflammation in NS skin.
Epidermal hyperproliferation is a general compensatory mechanism for impaired skin barrier function, and we provided evidence that ELA2 hyperactivity affects the skin proliferation/differentiation program. Lipid abnormalities could also contribute to the dysregulated proliferation/differentiation balance observed in Tg-ELA2 epidermis, since various Cer species and metabolites have well-recognized roles in signaling different cell fates (48, 49) .
In conclusion, we demonstrated that this new epidermal protease has a major role in (pro-)filaggrin maturation and in lipid metabolism, although its precise role in the intricate lipid pathway requires further investigation. The unexpected discovery of the key role of ELA2 in cutaneous biology highlights the importance of the control of epidermal protease activity for the maintenance of skin barrier function.
ELA2 emerges as a new target, together with hyperactive proteases in LEKTI-deficient epidermis (16) , with the prospect of a specific therapy for NS based on protease inhibitors. This would represent a substantial advance over the symptomatic treatment available at present.
Methods
Affinity chromatography and mass spectrometry analysis. The skin from twenty euthanized newborn mice was heated for 30 minutes at 56°C for epidermis/dermis separation. The epidermis was crushed in 1 M acetic acid with Ultra-Turrax, and epidermal proteins were prepared and purified on an sbTI column as described (50) (see Supplemental Methods). The 28-kDa protease-containing fractions were pooled and concentrated on a Vivaspin 20 MW 3 kDa (Vivasciences). The concentrated eluate was submitted to MS/MS analysis (technical details in Supplemental Methods).
Figure 5
Alteration of the epidermal differentiation program in Tg-ELA2 animals. Histological and immunohistochemical analysis of 4-day-old Tg-ELA2 epidermis. H&E staining of 4-day-old WT and Tg-ELA2 (Tg) epidermis shows thickening of the epidermis (acanthosis) with hypogranulosis and a compact SC in Tg-ELA2 mice. The hyperproliferation marker keratin 6 (K6) is not detectable in the WT epidermis, whereas it is strongly expressed in the suprabasal layers of Tg-ELA2 epidermis. The basal marker keratin 14 (K14) is extended to the suprabasal compartment in the transgenic epidermis. Keratin 10 (K10) is detected in all suprabasal layers of WT epidermis but is slightly reduced in intensity in the granular layer of transgenic animal. Involucrin (Inv) staining is reduced in intensity in Tg-ELA2 epidermis. The number of CD45-positive cells is significantly increased in the dermis of Tg-ELA2 mice. Scale bar: 250 μm. Higher magnifications of each panel are shown as insets.
Antibodies. A polyclonal rabbit anti-ELA2 antibody raised against a peptide highly conserved between human and murine pancreatic ELA2 was produced by Interchim. Note that this antibody was unsuccessful in Western blot application in detecting endogenous protein. Primary antibodies directed against FLAG (Sigma-Aldrich), CD45 (BD Biosciences - Pharmingen), keratin 6 (Abcam), keratin 14 (Covance), keratin 10 (Covance), involucrin (Santa Cruz Biotechnology Inc.), KLK5 (Abcam), filaggrin (Covance and Interchim), and actin (Sigma-Aldrich) were used. FITC-conjugated swine anti-rabbit and TRITC-coupled rabbit anti-mouse were from Dako secondary antibodies. Alexa Fluor 546-coupled goat anti-rabbit and Alexa Fluor 546-coupled goat antimouse IgG1 secondary antibodies were from Invitrogen. Coupling of rabbit anti-ELA2 antibody to Alexa Fluor 488 was performed with the Zenon Rabbit IgG Labeling Kit (Molecular Probes) according to manufacturer's recommendations.
Cell culture. Normal human primary keratinocytes (NHK) were cocultured with γ-irradiated 3T3-J2 mouse fibroblasts in Green medium (51) , at 37°C, under 10% CO2. For RT-PCR analysis, NHK were harvested before confluence (undifferentiated state) or after 7 days postconfluence (differentiated state).
For immunocytofluorescence experiments, NHK were grown onto glass coverslips in EpiLife 0.06 mM CaCl2, supplemented with Human Keratinocyte Growth Supplement (Cascade Biologics), 10 μg/ml streptomycin, and 10 U/ml penicillin until confluence. NHK were differentiated during 7 days after confluence in Epilife 1.2 mM CaCl2.
Figure 6
Abnormal epidermal lipid organization and quantification. (A) Nile red staining of mouse and human skin cryosections. In normal mouse (WT) and human (healthy) skin, extracellular lipid lamellae appear as yellow parallel lines. In the epidermis of newborn Tg-ELA2 mice (Tgnb), no abnormality is detectable, but numerous yellow lipid droplets are observed at P4 (TgP4). In KOnb mice, lipid droplets are visible in the central layers of the SC. In KOg, the staining reveals numerous lipid droplets and no extracellular lamellae. NS patient epidermis shows similar abnormal lipid droplets. Scale bar: 10 μm. Human primary fibroblasts were grown in DMEM supplemented with 10% fetal calf serum, penicillin, and streptomycin (Invitrogen).
WT and Tg-ELA2 murine primary keratinocytes were isolated from skin biopsies of newborn mice as previously described for human biopsy (52) . Murine keratinocytes were expanded on γ-irradiated 3T3-J2 mouse fibroblasts in a modified green medium (DMEM without Ca 2+ Invitrogen) but with 2 mM l-glutamine (PAA), and 1 mM pyruvate sodium (Gibco; Invitrogen).
RT-PCR analysis. RNA was isolated using the RNeasy kit (QIAGEN). 1.5 to 5 μg RNA were reverse transcribed following the recommendations of the Superscript first strand synthesis system. PCR was performed with GoTaq polymerase (Promega), using 1/10 to undiluted cDNA as a matrix, with primers indicated in Supplemental Table 1 .
If needed, amplicons were cloned into pGEMT-easy (Promega) and then sequenced using Big Dye Terminator.
Construction and genotyping of ELA2 transgenic mice. All animal studies were approved by the French Genetic Engineering Commission (01-10-08, agreement number 4858). All experiments were performed in accordance with the relevant guidelines and regulations. The involucrin promoter vector (pH3700-pL2) was a gift from J. Segre (Genetics and Molecular Biology Branch, National Human Genome Research Institute, Bethesda, Maryland) (53) . Mouse cDNA encoding Ela2 was amplified by RT-PCR, allowing the introduction of the FLAG octapeptide epitope at the 3′ end of the cDNA as well as NotI restriction sites at each end. The final construct was introduced in pH3700-pL2 using NotI sites and confirmed by sequencing.
Transgenic mice were produced by injecting the transgene (containing the involucrin promoter and mouse ELA2FLAG cDNA excised with SalI) into the pronuclei of fertilized oocytes from (C57BL/6 × CBA) F1 mice. Injected oocytes were implanted in pseudopregnant females. Mousetail DNA, extracted with the High Pure PCR template preparation kit (Roche) was used for PCR to establish genotypes, using "transgene" primers (Supplemental Table 1 ).
The founder mouse was crossed with WT C57BL/6 animals to establish the transgenic line named Tg(INVO-Ela2aFLAG)55CPTP in agreement with the International Committee on Standardized Genetic Nomenclature for Mice. Transgenic mice produced were named Tg-ELA2 for the following study.
Immunohistochemical and immunofluorescence analysis. The anti-ELA2 antibody was diluted 1:50. For commercially available primary antibodies, we followed the manufacturer's recommendations.
Coimmunolocalization experiments were performed on paraffin human and mouse skin sections. We performed sequential incubations of rabbit anti-ELA2, FITC-conjugated swine anti-rabbit, and mouse anti-filaggrin, followed by TRITC-coupled rabbit anti-mouse. Coimmunolocalization between KLK5 and ELA2 was performed with overnight incubation with rabbit anti-KLK5 at 4°C and sequentially with Alexa Fluor 546-coupled goat anti-rabbit and Alexa Fluor 488-coupled rabbit anti-ELA2 antibodies. Fluorescence was analyzed using an inverted Zeiss LSM 510 confocal microscope.
In situ zymography. Frozen sections (5-μm thickness) were rinsed with a washing solution (2% Tween 20 in deionized water) and incubated at 37°C overnight with 100 μl of FITC-conjugated elastin using the EnzChekelastase Assay kit (Invitrogen) in 50 mM Tris-HCl, pH 8, in order to visualize elastolytic activity. All sections were rinsed with PBS solution and visualized with the Axiovert 200 inverted high-end microscope (Zeiss). Images were analyzed with Metamorph Imaging system software, version 3.6 (Universal Imaging Corp. , and filaggrin-processing intermediate dimers (2xFlg) and trimers (3xFlg) in epidermal extract from a 4-day-old litter composed of 2 WT and 2 Tg-ELA2 animals (Tg). In Tg-ELA2 epidermis, profilaggrin and filaggrin intermediates are decreased in intensity and filaggrin monomers are not detectable. (D) In vitro degradation of (pro-)filaggrin by purified ELA2. Epidermal extracts from WT animals were incubated with (+) or without (-) purified ELA2 for different time periods (0, 15, 30, and 60 minutes) before Western blotting analyses using an anti-filaggrin antibody. In the absence of ELA2, no degradation of either filaggrin form is observed. In the presence of ELA2, profilaggrin and filaggrin intermediates are digested progressively with incubation time.
were clarified from insoluble material by centrifugation at 13,000 g, 4°C for 30 minutes. Western blotting was performed as previously described (15) . (pro-)filaggrin-enriched fractions were prepared as previously described prior to anti-filaggrin immunodetection (16) .
Degradation tests in vitro. For proteolysis experiments, 20 μg of (pro-)filaggrin-enriched epidermal fraction was mixed with 7.5 ng of recombinant human ELA2 (gift from C. Largman, University of California School of Medicine, Hematology Research [151H], Veterans Affairs [VA] Medical Center, San Francisco, California) in a reaction buffer (100 mM Tris-HCl, pH 8, 0.02 mM azide, 15 mM EDTA, 50 μM leupeptin, 1 μM E64). Mixtures were incubated at 37°C for 0, 15, 30, and 60 minutes. At each time-step, 4 μg of filaggrin-enriched protein extracts were removed and reactions were interrupted by boiling for 5 minutes in Laemmli buffer. Samples were analyzed by immunoblotting, as described above.
Nile red staining. Frozen sections were immersed for 20 minutes in a buffer containing 50 mM glycine, 50 mM NaCl, and 50 mM NaOH, pH 12.5, as described (54) . Nile red (Sigma-Aldrich) working solution (12.5 μg/ml in 75% glycerol) was applied to each tissue section and immediately covered with a coverslip. Nile red fluorescence was captured with an inverted Zeiss LSM 510 microscope.
Lipid quantification. Epidermis was separated from dermis and total epidermal lipids were extracted, as previously described (4) . The individual lipid species were separated by high-performance thin-layer chromatography (HPTLC), followed by quantitation by scanning densitometry, as described previously (4) . Covalently bound lipids were isolated using the method of Wertz et al. (55) , and resultant Cer fractions were quantified by HPTLC-scanning densitometry, as above.
Barrier function assay. We performed whole-mount dye penetration assay on euthanized 4-day-old mice as described (16) . TEWL measurements were recorded daily with the EP1 evaporimeter (ServoMed).
Transmission electron microscopy. For classical electron microscopy, skin tissues were prepared as described previously (16) . For the ruthenium tetroxide post-fixation experiment, the following protocol was used: 1 mm pieces were fixed overnight in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, at 4°C. The samples were post-fixed with 0.25% ruthenium tetroxide for 1 hour in the dark at 4°C. This was followed by dehydration and embedding using Embed 812 resin. The blocks were polymerized at 60°C for 30 hours. 80- to 90-nm "near-surface" sections were mounted on copper grids and examined with a transmission electron microscope.
Figure 8
ELA2 colocalizes with filaggrin and KLK5 in differentiated keratinocytes and in vivo. (A) Colocalization between ELA2 and SG-specific proteins in normal and NS skin sections. ELA2 staining (green) and FLG or KLK5 staining (red) were analyzed in confocal laser scanning microscopy. Graphs, representing the signal intensity from each protein along the arrow, show a perfect colocalization of both signals in normal as well as in NS epidermis in spite of the decreased filaggrin signal level. Scale bars: 25 μm. (B) Colocalization experiment of ELA2 with FLG or KLK5 in normal human keratinocytes differentiated in culture, analyzed by confocal laser scanning microscopy. ELA2 staining is quasi-exclusively localized around the (pro-)filaggrin-containing keratohyalin granules. KLK5 staining spreads in the entire cytoplasmic compartment, with concentrated areas at the periphery of the nucleus and around keratohyalin granules, where KLK5 and ELA2 colocalized. Note the presence of some intense yellow dots at a distance from the keratohyalin granules. Dotted outlines define the nucleus of the cells. The 2 far-right panels (ELA/FLG and ELA/KLK5) represent higher magnifications of the regions delineated by the dotted squares. Scale bar: 10 μm.
Immunocytofluorescence. Cells were fixed in 4% formaldehyde solution and permeabilized with 0.2% Triton X-100. Double immunofluorescence staining was performed with overnight incubation of cells with rabbit anti-KLK5 or mouse anti-filaggrin antibodies at 4°C and sequentially at room temperature with Alexa Fluor 546-coupled goat anti-rabbit, Alexa Fluor 546-coupled goat anti-mouse IgG1, and Alexa Fluor 488-coupled rabbit anti-ELA2 antibodies. Cells were imaged using a Zeiss 510 confocal microscope (Zeiss).
Statistics. We determined P values by a 2-tailed Student's t test, assuming equal variance. We considered differences between groups significant at P < 0.05.
